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Abstract—Several recent studies of ambulatory stroke survi-
vors have shown decreased bone mineral density (BMD) in the
lower limbs and an elevated risk of hip fracture. Because bone
mass is linked to skeletal loading, weight-bearing activities of
daily living such as walking are considered critically important
for maintenance of femoral BMD in ambulatory individuals. Lit-
tle is known about the relationships between walking character-
istics, skeletal loading, and bone maintenance in individuals who
have experienced a stroke. This study determined whether cer-
tain gait-related parameters correlate with proximal femoral
BMD in ambulatory individuals with poststroke walking defi-
cits. We analyzed data from 33 individuals with chronic stroke
and found that a recently introduced metric, the Bone Density
Index, which incorporates body weight, number of steps per day,
and ground reaction force magnitude, predicted proximal femo-
ral BMD better than other commonly measured demographic
and gait-related parameters that we examined.

Key words: bone mineral density, cerebrovascular accident,
gait, gait speed, ground reaction force, osteopenia, osteoporo-
sis, stroke, walking, walking speed.

INTRODUCTION

The American Heart Association estimates there
were 4.8 million stroke survivors in the United States as
of 2001 [1]. Among stroke survivors, the ability to walk
independently is considered an important functional goal.
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While up to 70 percent of stroke survivors recover some
ability to walk [1], many have permanent mobility
impairments such as decreased walking speed and
decreased endurance. Because limitations in mobility
often lead to physical inactivity, stroke survivors typi-
cally experience a number of disuse-related health issues,
such as cardiovascular deconditioning, loss of muscle
strength, and osteoporaosis.

Researchers have long recognized that stroke survi-
vors experience excess bone loss (i.e., in addition to that

Abbreviations: BDI = Bone Density Index, BMD = bone min-
eral density, BMI = body mass index, BW = body weight, DXA =
dual-energy X-ray absorptiometry, FIM = Functional Indepen-
dence Measure, GRF = ground reaction force, MSWS = maxi-
mum safe walking speed, ROI = region of interest, SSWS = self-
selected walking speed.
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associated with normal aging) in the paretic upper limbs
and in the lower limbs [2—4]. Bone loss in the lower limb is
a particularly serious concern, because stroke survivors
have a hip fracture risk two to four times higher than that
of age- and sex-matched healthy individuals [5-6]. Hip
fracture complicates rehabilitation for the stroke survivor,
and the 12-month mortality rate following hip fracture is at
least equal to, if not greater than, the mortality rate follow-
ing hip fracture in nonstroke patients [7-8].

In spite of the serious consequences of osteoporosis,
the status, progression, and treatment of this disease in
individuals with poststroke hemiparesis have received
little attention, especially compared with the long history
of research on osteoporosis in healthy postmenopausal
women and elderly men. Jargensen et al. [9] contended
that as of 1999 “only three studies ... measured BMD
[bone mineral density] in the proximal femur in hemiplegic
patients.” More recently, Poole et al. [10] pointed out that
“measures to prevent bone loss and preserve bone archi-
tecture have not been part of stroke management thus far.”

Because hip fracture has such serious health conse-
quences, we believe that bone maintenance in the lower
limb should be an important concern of any poststroke
rehabilitation plan. Because walking is the most common
form of leisure time physical activity, particularly among
the elderly [11], regular walking is likely to be critical for
bone maintenance at the hip in both healthy and mildly
disabled elderly individuals. At present, very little is
known about the relationships between walking ability,
skeletal loading, and bone maintenance in stroke survi-
vors; thus, what countermeasures might be effective in
preventing or modulating post-stroke bone loss in the
lower limbs is not clear.

In several recent studies, investigators have examined
correlations between bone density or bone loss and vari-
ous measures of disability and recovery, including the
Brunnstrom score [12], Functional Independence Mea-
sure (FIM) score [12-13], and Barthel Index [14-15].
Some of these studies showed significant, but modest,
correlations, while other studies found none. This lack of
consistency provided one of the motivations for the
present study. This study, therefore, determines if demo-
graphic characteristics (age, weight, body mass index,
time since stroke), level of motor recovery (Fugl-Meyer
score), and gait-related parameters (walking speed, walking
steps per day, ground reaction force [GRF], and the newly
developed Bone Density Index [BDI]) are associated with
proximal femoral BMD in ambulatory individuals with

poststroke walking deficits. Because BMD is strongly
linked with skeletal loading [16], we hypothesized that
parameters directly related to lower-limb loading history
would correlate more strongly with proximal femoral
BMD than would other parameters, such as patient demo-
graphics, that are not directly loading-related.

METHODS

Individuals with hemiparesis caused by a single
stroke were recruited for this study. Demographics col-
lected for each participant included age, height, weight,
BMI, time since stroke, affected side, and use and type of
mobility aid (e.g., cane or ankle-foot orthosis). Written
informed consent was obtained from all participants, and
the Stanford University Administrative Panel on Human
Subjects in Medical Research approved the study.

Inclusion criteria were—

* Unilateral weakness.

* Less than 85 years.

» Time since stroke greater than 12 months.

* If female, at least 5 years past the onset of menopause.

* Ability to walk 10 m in 50 s or less without contact
assistance.

Exclusion criteria were—

» More than one previous cerebral vascular incident.

* Inability to provide informed consent.

 Use of osteoporosis drug or hormone replacement ther-
apy within the past 5 years.

« History of lower-limb fracture or pain.

» Existence of any other medical condition that could
affect bone mass.

We scored all participants using the FIM and the
Fugl-Meyer assessment tools, which measure disability
and recovery, respectively. Both assessment tools have
been shown to be valid and reliable [17-19]. Since gait-
related activity was our only focus, only the FIM loco-
motion subscore (range 1-7) for walking was evaluated.
For the Fugl-Meyer assessment, only the lower-limb per-
formance score (range 0-100) was evaluated.

Each participant’s walking was assessed in our gait
laboratory. Self-selected walking speed (SSWS) and
maximum safe walking speed (MSWS) were measured
while each participant walked on a 4.3 m-long GAITRite
portable walkway system (CIR Systems, Inc, Clifton, New
Jersey). Additionally, we measured the three-dimensional
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components of the GRF throughout the stance phase for
both the paretic and nonparetic sides. The GRF was
measured while each participant walked at his or her
SSWS along a 10 m walkway equipped with embedded
force platforms (Advanced Medical Technology, Inc,
Watertown, Massachusetts; Bertec Corporation, Colum-
bus, Ohio). GRF data were acquired at 200 Hz, and the
vertical GRF component (normalized by each individual’s
body weight) during the support phase for each limb was
used for analysis. We averaged a minimum of 2 trials and
a maximum of 15 trials to determine gait speed and GRF
for each participant.

So that we could measure gait activity outside of the
laboratory setting, we provided individuals with a Step-
Watch 2 Activity Monitor (Cyma Corporation, Seattle,
Washington) and gave instruction in its use [20-21]. The
StepWatch records the number of steps taken for one leg
during walking, including level, uphill, and downhill
walking, as well as during stair ascent and descent. The
device requires no input on the part of the user, except for
attaching the device upon rising each morning and
removing the device at bedtime each evening. The device
was not worn during bathing. The StepWatch device was
set at the company-recommended settings for individuals
with expected slow gait speeds.

We measured BMD in the total femur region of inter-
est (ROI) on both the paretic and nonparetic sides using
dual-energy X-ray absorptiometry (DXA) (QDR 1000W,
Hologic Inc, Bedford, Massachusetts). Participants were
categorized as normal, osteopenic, or osteoporotic based
on their DXA T-scores. The classification is based on the
World Health Organization criteria, with normal defined
as a T-score of greater than or equal to (i.e., more posi-
tive) —1.0, osteopenic defined as a T-score of less than
—1.0 and greater than —2.5, and osteoporotic defined as a
T-score of less than or equal to —2.5 [22]. The total femur
ROI was chosen based on recommendations that it is the
preferred ROl for densitometry measurements in the
appendicular skeleton [23-24].

In addition to the traditional gait parameters described
previously, we also calculated a BDI, as developed by
Bowley and Whalen [25]. The BDI is calculated as

BDI = (Ngeps X (8 xGRF)MYCM

where ngens is the number of steps taken by each leg per
day obtained from the StepWatch, £ is a scale factor
obtained by dividing each individual’s weight by the
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mean body weight (BW) of the entire cohort, GRF is
either the peak or mean value of the vertical component
of the GRF during BW support [26], and m is an empiri-
cal exponent that can be thought of as weighting factor
for the relative importance of load magnitude and the
number of daily loading cycles [27-28]. We tested inte-
ger values of m between 1 and 6 to determine which
value produced the highest value of the correlation coef-
ficient between BDI and total proximal femur BMD.

Statistical comparisons between paretic and non-
paretic sides are based on paired two-tailed t-tests with
the level of significance set at p = 0.05.

RESULTS

The study included 33 individuals (29 male, 4 female).
Table 1 shows the characteristics of the study participants.
Of the 33 participants, 8 individuals used either a straight
or quad cane, 8 used a plastic ankle-foot orthosis, and 2
used a foot splint. Fifteen participants had left-side lesions,
and eighteen had right-side lesions. Because our inclusion
criteria required participants to be able to walk with no
contact assistance, all participants had an FIM locomotion
score of at least 5.

Table 2 shows the summary results of the walking
speed tests and daily StepWatch totals. Two individuals
were unable to increase their walking speed above their
SSWS; in one, the limitation was ankle spasms and in the
other the limitation was stumbling and an unsafe gait.
Therefore, values given for the MSWSs are based on
31 participants. Using the StepWatch device, we recorded
an average of 13 days of step counts. The fewest number
of days recorded was 5 for one participant. The next fewest
was 9 day for two participants.

Table 1.
Demographic characteristics of study participants.

Participant Characteristics Mean +SD Range

Age (yr) 65+8 46-81
Height (m) 1.76 +0.008 1.55-1.91
Weight (kg) 87.3+14.3 64.8-119.0
BMI (kg/m?) 282+35 215-352
Time Since Stroke (mo) 459+29.1 12-121
FIM Locomotion Score (max = 7) 59+0.6 5-7
Fugl-Meyer Lower-Limb Score (max =100) 86 +8 63-98

SD = standard deviation, BMI = body mass index, FIM = Functional Indepen-
dence Measure.
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Table 3 shows the results of linear correlation analy-
sis between total proximal femur BMD and various
demographic and gait parameters. Shown are the correla-
tion coefficients (r) and the significance values (p). After
calculating the BDI values for m values of 1-6, we found
that an m value of 3 resulted in the best fit when corre-
lated with total proximal femur BMD. All reported val-
ues for the BDI are based on m = 3.

We found no significant correlations between BMD
and age, weight, BMI, time since stroke, Fugl-Meyer
score, SSWS, MSWS, or peak GRF for either the paretic
or nonparetic sides. We found a significant correlation
between BMD and steps per day for the paretic side but
not for the nonparetic side. We found a significant corre-
lation between BMD and mean GRF for the nonparetic
side, but not for the paretic side. For both the paretic and
nonparetic sides, we found that BMD significantly corre-
lated with two parameters: BDI calculated using peak
GRF and BDI calculated using mean GRF values. The
strongest correlations were between BMD and BDI based
on the mean GRF, with correlation coefficients of 0.418
and 0.473 for the paretic and nonparetic sides, respec-
tively. Linear regressions between BMD and BDI based
on mean GRF (BDI_m) are shown in the Figure. Table 4

Table 3.

shows summary data (mean * standard deviation and
range) for the paretic and nonparetic sides for BMD,
T-score, mean and peak GRF, and BDI values based on
mean and peak GRF.

Based on the individual T-scores for the total femur
ROI (not shown), 17 participants were in the normal
range, 13 were osteopenic, and 3 were osteoporotic. We
found significant side-to-side differences for total proxi-
mal femur BMD, total proximal femur T-score, mean
GRF, and BDI based on the mean GRF. Peak GRF and
BDI based on peak GRF were not different between
sides. Note that the values (0.90 BW) at the low end of
the range for the peak GRF correspond to individuals
who walked with a cane.

Table 2.
Group walking characteristics of study participants.

Gait-Related Variables Mean £ SD Range
Self-Selected Walking Speed (m/s)  0.79+0.34  0.23-1.34
Maximum Safe Walking Speed 1.18+0.49 0.37-2.13

(m/s) (n=31)
Steps Per Leg Per Day
SD = standard deviation.

2971+1,449 1,013-6,564

Correlation coefficients (r) and significance values (p) for demographic and gait-related parameters (at self-selected speed) versus bone mineral
density (BMD). Ground reaction force (GRF) and Bone Density Index (BDI) values are based on self-selected walking speed (SSWS) data.

Parameters in bold indicate significant correlations (p < 0.05).

Demographic and Gait-Related

Total Proximal Femur BMD (g/cm?)

Correlation Coefficients and Significance Levels

Parameters Paretic Nonparetic
r p-Value r p-Value
Age (yr) 0.050 0.784 0.294 0.097
Weight (kg) 0.118 0.514 0.257 0.150
BMI (kg/m?) 0.060 0.739 0.067 0.712
Time Since Stroke (mo) 0.057 0.750 0.090 0.619
Fugl-Meyer score 0.197 0.271 0.084 0.642
SSWS (m/s) 0.178 0.321 0.191 0.287
MSWS (m/s) (n = 31) 0.182 0.311 0.229 0.227
GRF Peak (BW) 0.280 0.115 0.158 0.378
Steps Per Leg Per Day 0.376 0.031 0.253 0.156
GRF Mean (BW) 0.333 0.058 0.393 0.024
BDI_p (based on peak GRF) 0.399 0.022 0.399 0.022
BDI_m (based on mean GRF) 0.418 0.015 0.473 0.005

BMI = body mass index, MSWS = maximum safe walking speed, BW = body weight.
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Table 4.

Values for bone mineral density (BMD), T-score, and gait-related parameters for paretic and nonparetic sides (mean + standard deviation and
range. Ground reaction force (GRF) and Bone Density Index (BDI) values are based on self-selected walking speed data. Parameters in bold

indicate significant side-to-side differences (p < 0.05).

BMD and Gait Parameters Paretic Nonparetic p-Value
BMD for Total Femur ROI (cm?) (Od%%ff'zlfg ?6?73481::19'21()%‘; 0.011
T-Score for Total Femur ROI (:22317% (:gi_ilozia 0.017
Peak GRF (BW) (1(5.094039'203&; (16?950::1%027) 0.780
BDI_p (based on peak GRF) (BW2) 5’2'?900:—“ 4%‘1(; fé?oii(.)'?g 0.892
Mean GRF (3W) ©47-081) ©67-080 s x 10
BDI_m (based on mean GRF) (BW?) ?2015;309477) 322524209%7) 4.7 %1078

ROI = region of interest, BW = body weight.

DISCUSSION

In agreement with previous studies, we found a lower
proximal femoral BMD on the paretic side compared with
the nonparetic side [29-31]. We found that this decreased
BMD was not correlated with demographic or clinical
motor recovery variables. We found significant correla-
tions between BMD and the newly developed gait-related
parameter, the BDI. The strongest correlations were found

when the BDI was based on the mean vertical GRF expe-
rienced during walking. While we defined the BDI based
on the vertical component of the GRF to be consistent
with the initial work of Bowley and Whalen [25], we also
reasonably based the definition of the BDI on the vector
resultant of the vertical, fore-aft, and medial-lateral GRF
components, and this idea is worthy of further study. In
any case, our current results support the hypothesis that a
parameter that includes information about the daily skeletal
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loading history will correlate better with BMD than will
other commonly measured demographic and gait-related
parameters.

Our results suggest that increasing the magnitude of
the vertical GRF during walking should be beneficial for
poststroke BMD maintenance. This result is consistent
with several studies that focused on the importance of the
relationship between GRF and BMD at weight-bearing
skeletal sites in neurologically unimpaired populations
[32-34].

The BDI developed by Bowley and Whalen [25] was
chosen because their theoretical framework addressed
our hypothesis and because the measure was relatively
simple to adapt for use with stroke survivors. We adapted
the BDI for use with the group we studied in several
ways. Bowley and Whalen used a more complicated def-
inition of the BDI, in which they used a histogram of ver-
tical GRF values and associated step counts obtained
from a special load-sensing insole that was capable of
recording the step-by-step peak vertical GRF values for
each volunteer over the course of multiple days. We
instead measured GRF in stroke survivors by using force
platforms embedded in the laboratory floor and assumed
that data recorded from 2 or more steps of walking at
their SSWS were representative of forces experienced
during daily habitual walking. That the BDI correlation
coefficients for our cohort are so similar to the correla-
tion coefficient (0.437) found by Bowley and Whalen
may indicate that for studies involving subjects whose
primary locomotion activity is slow walking, monitoring
the GRF values continuously as was done by Bowley
and Whalen may not be necessary. For these individuals,
their laboratory performance may represent the majority
of their normal locomotor activity.

The results of this study have implications for the use
of gait training as an osteoporosis countermeasure. In par-
ticular, the role of increased vertical GRFs in BMD main-
tenance is promising as a therapeutic intervention. In this
study, as in previous studies, the empirical exponent term
(m) in the bone-remodeling algorithm was found to be
larger than 1.0 [25,27]. This implies that a given percent-
age increase in the force parameter of the BDI will have a
larger effect on BMD than the same percentage increase in
the number of loading cycles. The relationship between
GRF and gait speed has been documented in individuals
without neurological disorders [35]. For speeds greater
than approximately 0.8 m/s, dynamic factors influence
forces such that increased speed causes peak vertical GRF
in excess of 1.0 BW. Perry et al. have suggested that

increasing gait speed should be an important outcome
measure for poststroke rehabilitation programs [36]. Perry
et al. found that 0.8 m/s is the mean gait speed of the high-
est category of community ambulators in a study of 147
stroke survivors, and these authors therefore suggest that a
threshold of 0.8 m/s should be a goal in gait rehabilitation
for functional independence in a community setting. In
combination with our study, these results suggest multiple
important benefits that patients would accrue if a locomo-
tor rehabilitation program were able to safely increase
their gait speed. Our results suggest that stroke survivors
able to maintain the number of steps taken per day while
increasing walking speed and associated vertical GRF
applied during each step would experience benefits in
lower-limb skeletal health. These results highlight the
importance of identifying locomotor rehabilitation pro-
grams that might help attain gait speeds high enough to
generate functional independence and BMD benefits.
Clearly, increasing walking speed as an osteoporosis
countermeasure in stroke survivors is only a hypothetical
possibility at present, and the potential of such an
approach requires further study.

Although our study was open to both men and
women, only 4 of the 33 participants were women. Cur-
rent or recent hormone replacement therapy and
osteoporosis drug treatment, which would potentially
confound our results because of their known influence on
BMD, were the most common reasons for excluding
some women. Because of the small number of women
who participated, we were not able to test whether men
and women have different correlations between BMD
and any of the various gait parameters examined, but we
have no reason to believe that daily mechanical loading is
any less important for women.

Finally, we can speculate that proximal femur BMD
may be more closely regulated by a local, rather than dis-
tant, measure of loading. In a future study we plan to esti-
mate subject-specific hip-joint reaction forces by
simulating stroke gait using kinematic and kinetic data
from motion analysis to determine if the BDI based on
the cyclic hip-joint reaction force produces a stronger
correlation with proximal femur BMD than does BDI
based on GRF.

CONCLUSIONS

In a cohort of 33 ambulatory individuals with chronic
stroke, we found that the newly introduced BDI, which
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incorporates both loading magnitude and the number of
daily loading cycles correlated significantly with proxi-
mal femur BMD. Our results suggest that (1) the BDI
may be a useful parameter for predicting bone density in
ambulatory stroke survivors and (2) increasing daily
walking activity and increasing GRFs may potentially
modulate bone loss and should therefore be considered
when devising stroke rehabilitation protocols for those
stroke survivors who are independent ambulators.
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